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regulation of cell growth and differentiation. Integrins, the major cell matrix adhesion molecules, were the there ilasmgrowig meveneprothsat d the i action be-first to be discovered interacting with the actin cytwkeletn asmimemrane orotigns ansduct acn cy-toskeleton at specific sites of the plasma membrane, toskeleton iS important for signal transduction and the called focal contacts (Hynes, 1992) . Through their cy-'Present address: MRC-Cell Mutation Unit, Sussex University, ated proteins, modulating the cytoskeletal organization during adhesion to the extracellular matrix (recently reviewed, Yamada and Miyamoto, 1995) and initiating signal transduction across the plasma membrane. The integrin-mediated signaling is triggered by a cytoplasm-bound tyrosine kinase (focal adhesion kinase, FAK) that associates with 01 integrin molecules when aggregated by antibodies or ligands. Recent evidence (recently reviewed, Gumbiner, 1995) has also shown that cadherins, major members of the family of cell-cell adhesion molecules, also interact with the actin cytoskeleton, this interaction being involved in the establishment of epithelial morphology. Intracellular proteins, called catenins, and tyrosine kinase substrates mediate the interaction of cadherins with the actin cytoskeleton. Several lines of evidence also indicate that plasma membrane heparan sulfate proteoglycans (HSPGs),1 abundant components of all cell surfaces, also interact with the actin cytoskeleton (recently reviewed, David, 1993; Rapraeger, 1993; Elenius and Jalkanen, 1994) , but the precise mode of interaction and function has remained elusive. Heparin-binding proteins share their affinity for binding to the glycosaminoglycan chains of HSPGs. They constitute a diverse group of proteins, which includes extracellular matrix molecules, growth factors, degradative and lipolytic enzymes, protease inhibitors, lipoproteins, nuclear proteins, and viral coat proteins (Kjellen and Lindahl, 1991; Bernfield et al., 1992) . Growing evidence indicates that HSPGs participate in a dual receptor system (Klagsbrun and Baird, 1991) in which the low-affinity cell surface HSPGs deliver or facilitate the interaction of soluble proteins to high-affinity receptors (Schlessinger et al., 1995) . For instance, HSPGs act as a low-affinity receptor for fibroblast growth factor 2 (FGF-2) and are involved in the presentation of the growth factor to its "highaffinity receptor," a tyrosine kinase receptor responsible for the signaling effects of FGF-2 (Rapraeger et al., 1991; Yayon et al., 1991; Olwin and Rapraeger, 1992) . In addition, it has been suggested that heparan sulfate (HS) could bind directly to FGF receptors (Kan et al., 1993) . Because all of the known members of the FGF family bind heparin, the dependence of FGF-2 binding and bioactivity on a dual receptor system may not be unique. FGF-1 activity in a parathyroid cell line (Sakagushi et al., 1991) , heregulin (Holmes et al., 1992) , heparin-binding epidermal growth factor (EGF)-like growth factor (a member of the EGF family) activity in smooth muscle cell migration (Higashiyama et al., 1993) , and vascular endothelial growth factor-binding to its receptors (Gitay-Goren et al., 1992) are all dependent on interactions with cell surface HSPGs. The
Abbreviations used: FGF-2, fibroblast growth factor 2; HS, heparan sulfate; HSPGs, heparan sulfate proteoglycans; LPL, lipoprotein lipase; PGs, proteoglycans. physiological role of such a dual receptor system is not clear, but it recently has been suggested (Schlessinger et al., 1995) that the binding of FGF to HSPGs by restricting ligand diffusion may allow the cell surface encounters with the high-affinity signaling receptors and that the formation of a multivalent FGF-HSPG complex is required for FGF-induced dimerization of the signaling receptors. Lipoprotein lipase (LPL, another well-known heparin-binding protein) is anchored by HSPGs on the endothelial surface, where it exerts its lipolytic action on triglyceride-rich lipoproteins carried by the blood stream (reviewed, Olivecrona and Olivecrona, 1995) . Moreover, several lines of evidence indicate that LPL binds to cell surface HSPGs of a variety of cell types , and it has been proposed (Beisiegel, 1995) that HSPGs act as coreceptors, facilitating the transfer of lipoproteins bound via the lipase to specific receptors located in coated pits for internalization. Taken together, current evidence suggests that the role of cell surface HSPGs is critical to the complex molecular interactions that occur at the plasma membrane.
Cell surface HSPGs have different types of core protein, reflecting the varied locations and functions of these molecules (Ruoslahti, 1989; David, 1993; Elenius and Jalkanen, 1994) . Human lung fibroblasts express at least five major structurally distinct cell surface HSPGs (Lories et al., 1989) . They have been identified as syndecan-1 (Lories et al., 1992) , fibroglycan or syndecan-2 (Marynen et al., 1989) , a 125-kDa HSPG (that is probably related or identical to syndecan-3; Lories et al., 1989; Carey et al., 1992) , amphiglycan, ryudocan or syndecan-4 (David et al., 1992a) , and glypican (a glycosyl phosphatidylinositol-anchored HSPG) (David et al., 1990) . The four syndecans together constitute a family of integral membrane HSPGs (Bernfield et al., 1992) that are expressed in different combinations in most cells (Lories et al., 1992) . All known syndecans are transmembrane proteins anchored to the plasma membrane by a 24-25 amino acid hydrophobic domain (David, 1993; Elenius and Jalkanen, 1994) . They have structurally distinct extracellular domains, but the sequence of the cytoplasmic and transmembrane domains has been highly conserved during evolution (Bernfield et al., 1992) . Recent evidence indicates that the transmembrane domain plus four conserved residues of the extracellular domain could mediate membrane oligomerization of syndecan-3 (Asundi and Carey, 1995) . The presence of four invariant tyrosine residues in the cytoplasmic tails suggests roles for these domains in targeting and/or anchorage to intracellular structures, and they may mediate or participate in specific signal transmission from the extracellular ectodomain (Elenius and Jalkanen, 1994) .
Previous studies have presented evidence for the association of cell surface proteoglycans with cytoskeletal structures in some cells (Carey and Todd, 1986 ).
Syndecan-1, which has been studied in greatest detail, is reported to be anchored to the cytoskeleton on the basolateral surface of epithelial cells (Rapraeger et al., 1986; Leppa et al., 1992) . Recently, Carey et al. (1994b) showed that expression of syndecan-1 by Schwann cells induced cytoskeletal organization and association of syndecan-1 with actin during cell spreading. Carey et al. also suggest (1994a) that the association of syndecan-1 with microfilaments is induced by aggregation and mediated by the cytoplasmic domain. In contrast, Miettinen and Jalkanen (1994) found that tail-less mutants were partly insoluble in Triton X-100 and concluded that the cytoplasmic domain of syndecan-i is not responsible for actin interaction.
Recently, we have presented evidence that HSPGs that bind LPL and FGF-2 on the fibroblast cell surface are organized by the actin cytoskeleton (FernaindezBorja et al., 1995) . We also observed that, after incubation at 37°C, FGF-2 induces a change in the actin filament distribution, which occurs in parallel to the change in the cell surface distribution of HSPGs. In contrast, LPL induced a movement of HSPGs along the actin filaments without any change in the actin cytoskeleton distribution. Because the mode of interaction between HSPGs and the actin cytoskeleton could be important to understanding the functional role of these cell surface molecules, we extended our previous studies by using several microscopy methods. The results indicate that the binding of soluble ligands to the HS chains induces the cell surface aggregation of HSPGs over the actin cytoskeleton and that the ligand-HPSG complexes are nonrandomly distributed along the cortical actin filaments.
MATERIALS AND METHODS Cell Culture
Human skin fibroblasts were cultured in Dulbecco's modified Eagle's medium (DMEM; BioWhittaker, Walkersville, MD), supplemented with 10% fetal calf serum (BioWhittaker), 2 mM glutamine, and antibiotics. Cells between the 4th and 15th passage were plated onto culture dishes (35-mm diameter with gold grids covered with formvard coated with carbon for electron microscopy experiments) or glass coverslips (for fluorescence detection and cell surface-replica experiments), and used between the third and fifth day after seeding.
Lipoprotein Lipase Purification and Biotinylation
Bovine lipoprotein lipase was purified from milk as described (Bengtsson-Olivecrona and Olivecrona, 1991) . For biotinylation, LPL was dialyzed at 4°C for 8 h against 0.1 M Na-bicarbonate buffer, pH 8.8, containing 1 M NaCl. N-Hydroxysuccinimide biotin (Sigma Chemical, St. Louis, MO) was added (25 jig/mg LPL) from a stock solution in dimethyl sulfoxide (10 mg/ml). After incubation at 4°C overnight, 1 M NH4Cl was added (20 ,1u/250 ,ug ester). After 15 min at 4°C, the sample was diluted by the addition of 2 vol of 10 mM bistris buffer, pH 6.5, and was immediately applied to a column of heparin-Sepharose (Pharmacia, Uppsala, Sweden) that had been equilibrated in 10 mM bistris, pH 6.5, containing 0.3 M NaCl. After a brief wash, the column was eluted by a salt gradient (0.2-1.5 M NaCl). Biotinylated LPL appeared at the salt concentration expected for active LPL dimers. Activity measurements showed that the enzyme was fully active. For stabilization, 2 mg of bovine serum albumin (BSA)/ml was added before storage at -70'C.
Binding Experiments
For binding experiments, grids or coverslips were rinsed in DMEM at 4°C, prechilled for 10 min at 4°C in the same medium, washed, and incubated for 30 min at 4°C in 2.5 ,ug/ml of bovine LPL in DMEM/20 mM HEPES, pH 7.4, containing 0.5% BSA (Sigma). FGF-2 binding was performed with 1 ,tg/ml biotin-FGF-2 (Boehringer Mannheim Biochemica, Philadelphia, PA) in the conditions used for LPL binding. After being washed in 10 mM phosphatebuffered saline (PBS), cells were fixed for 30 min in 3% paraformaldehyde/2% sucrose in 100 mM phosphate buffer (PB). The effect of heparin on binding was assessed by incubating LPL in the presence of 100 U/ml heparin. Some of the binding experiments were performed with a monoclonal mouse IgM that recognizes an HSrelated antigen (1OE4; David et al., 1992b ) (provided by Professor G.
David, University of Leuven, Belgium). Cells not subjected to the binding experiments were incubated for 30 min at 4°C without LPL or FGF-2, but in the same medium previously described for binding experiments, and then used to detect HSPG/actin distribution or as negative controls for the fluorescence or colloidal gold markers used.
For Triton X-100 treatments, the cells grown on coverslips or on gold grids were incubated or not with the indicated ligands as before and treated for 90 sec at room temperature with extraction buffer containing 0.3% Triton X-100 (Sigma) in 20 mM HEPES, pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 1 mM MgSO4, and 1 mM phenylmethylsulfonyl fluoride (PMSF). After two washes in 10 mM PBS, cells were fixed with paraformaldehyde.
Cross-linking Experiments
Confluent human fibroblasts were washed three times in cold PBS before labeling the plasma membrane proteins with 0.5 mCi 1251I
(Amersham International, Buckingham, UK) according to Saxena et al. (1991) . The labeled cells were washed three times in cold PBS and allowed to react with 10 ,ul of sulfosuccinimidyl-2-[p-azidosalicylamido]ethyl-1,3-dithiopropionate (SASD; Pierce Europe, The Netherlands) (0.4 mg/ml in dimethyl sulfoxide [DMSO] ) in a total volume of 10 ml of cold PBS, in the dark, on ice for 2 h. The nonbound cross-linker was eliminated by washing three times in cold PBS, and the cells were incubated with 20 ,jg of biotin-LPL in 10 ml of cold DMEM containing 1% BSA, in the dark, on ice for 2 h. The cells were then irradiated with UV light (wavelength = 360 nm) for 15 min. The medium was removed, and the cells were washed once in cold PBS, once in PBS containing 10 U/ml heparin, and again in PBS. The cells were harvested by scraping, pelleted by brief centrifugation (5 min at 1500 rpm), and dissolved in 1% Triton X-100 in cold Trisbuffered saline (TBS) containing 1 mM PMSF, 2 mM EDTA, 5 ,ug/ml aprotinin, and 5 [kg/ml leupeptin. Insoluble material was separated by centrifugation for 15 min at 1500 rpm and kept for further treatments as indicated below. The supernatant (defined as Triton X-100 soluble fraction) was applied to an avidin-agarose column (Sigma; 0.7 ml settled gel). The column was washed with 20 ml of TBS and eluted with 6 M guanidinium-HCl, pH 1.5 (Cuatrecasas and Wilchek, 1968) . The eluted radioactive fractions were pooled, dialyzed against 0.1 M ammonium bicarbonate overnight, and freeze-dried. The powder was dissolved in TBS to obtain 1000 cpm/ptl. Samples (5 ,ul) were brought to 1 mM PMSF and 2 mM CaCl2 with lOx concentrated stock solutions and treated with heparinases I and III (Sigma; 10 mU/ml) and chondroitinase ABC (Boehringer Mannheim; 500 mU/ml). The insoluble material after Triton X-100 treatment (defined as Triton X-100 insoluble fraction) was resuspended in actin depolymerization buffer (Pardee and Spudich, 1982) consisting of 2 mM Tris-HCl, 0.2 mM Na2ATP, 0.2 mM Vol. 7, November 1996 R.G. Martinho et al. CaCl2 , 0.5 mM 2-mercaptoethanol, and 0.005% NaN3, pH 8.0, for 1 h on ice. The concentration of Triton was brought to 1%, and the supernatant was centrifuged for 15 min at 15000 rpm. This second supematant was processed like the Triton X-100 soluble fraction. Total fibroblast PGs were semipurified by ion exchange chromatography in a cellulose, O-(diethylaminoethyl)-cellulose (DEAE)-Sepharose column (Pharmacia) from Triton X-100 soluble and insoluble fractions of 1251-labeled cells obtained as described above. The column was washed with TBS and eluted with 50 mM Tris-HCl buffer, pH 7.4, containing 0.9 M NaCl. The eluted material was dialyzed against 0.1 M ammonium bicarbonate and freeze-dried. The samples were analyzed in a 7.5% SDS-polyacrylamide gel under reducing conditions. The gel was stained with Coomassie brilliant blue, dried, and placed in contact with an x-ray film.
Fluorescence Microscopy
For detection of the HSPGs and cell-bound LPL or biotin-FGF-2, cells grown on coverslips were fixed for 30 min in 3% paraformaldehyde/2% sucrose in 100 mM PB. After rinsing three times in 10 mM PBS, fixed cells were blocked and permeabilized with PBS/20 mM glycine containing 0.5% BSA and 0.2% saponin for 10 min. Different antibodies were then added to the cells, and all were incubated in PBS/20 mM glycine containing 0.5% BSA and 0.2% saponin. Depending on the experiment, two different primary antibodies against bovine LPL were used: a mouse monoclonal antibody (2H10; Fernaindez-Borja et al., 1995) and an affinity-purified polyclonal antibody (poly 66) raised in chicken (obtained from Dr. T. Olivecrona, University of UmeA, Sweden) (Busca et al., 1995) . The cells were incubated for 60 min at 37°C with the primary antibody (10-20 ,ug/ml), followed by rinsing in PBS and incubation for 45 min at 37°C with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG (Boehringer Mannheim) or FITC-conjugated antichicken IgG (Sigma). Monoclonal antibody 10E4 was also used as the primary antibody to detect HS. After fixation as above, cells were incubated for 60 min at 37°C with the primary antibody (5 jig/ml), followed by rinsing in PBS/20 mM glycine and incubation for 45 min at 37°C with FITC-conjugated anti-mouse IgM (ICN ImmunoBiologicals, Costa Mesa, CA). Biotin-FGF-2 was detected with FITC-avidin (Vector, Burlingame, CA), and actin filaments were detected with tetramethyrhodamine isothiocyanate (TRITC)-conjugated phalloidin (Sigma). No fluorescent labeling was seen in control experiments where cells were incubated with only secondary antibodies. The coverslips were finally washed in PBS, mounted with Immunofluore (ICN Biomedicals, Cleveland, OH), and viewed on a Zeiss Axioskop equipped for epifluorescence. Black and white photographs were recorded on T-Max 400 film (Kodak, Rochester, NY). Results are representative of more than eight separate experiments with >200 cells analyzed for each condition, and the images were chosen to reflect the average patterns of immunofluorescence.
Confocal Microscopy
Two different confocal microscopes were used. Figures 3 and 8 were obtained with a laser-scanning confocal microscope (TCS 4D; Leica Lasertechnik GmbH, Heidelberg, Germany) with an inverted microscope (Leitz DMIRBE) and a 63X (NA 1.4, oil) Leitz Plan-Apo objective. FITC and TRITC were simultaneously excited at 488-and 568-nm lines from a 75-mW krypton-argon laser, and two photomultipliers were used in parallel. A 488-/568-nm double-dichroic mirror was used as an excitation beam splitter, and a 580-nm shortpass filter divided green and red fluorescence between the two photomultipliers. A 520-nm bandpass emission filter was used for FITC and a 590-nm longpass filter for TRITC. A correction for optical cross-talk was applied. Each image collected was the average of eight scans at the confocal microscope normal scan rate. Images of 512 x 512 pixels were stored on an erasable optical disk, visualized with a true color display screen, and then photographed on color slide film with a digital camera (Focus Graphics, Foster City, CA). Under our conditions the x,y resolution was 0.2 ,um, and x,z resolution was 0.5 ,um (Brakenhoff et al., 1985) . Residual axial shifts between 488-and 568-nm lines was 50 nm. Colocalization analysis was performed by the Multi Colour software (version 2.0, Leica Lasertechnik GmbH, Heidelberg, Germany). The two-dimensional confocal cytofluorogram in Figure 3 shows the correlation of the fluorescence signal from the two channels as a diagram: the fluorescence intensities of the green and red channels were represented on the X-axis and Y-axis, respectively (Demandolox and Davoust, 1995) . The coincident labeling between the two single images was shown as the portion of the cytofluorogram located along the diagonal of the graph. The vertical (FITC) and horizontal (TRITC) portions of the graph are related with the single-labeled regions within the two single images. The selected colocalization area in the cytofluorogram was directly identified in the combined image in which the single-labeled areas were hidden.
Digital images of Figure 9 were collected with a PHOIBOS 1000 confocal microscope adapted to a Zeiss Axioskop microscope with a 63x (NA 1.4, oil) Zeiss Plan-Apo objective. FITC and TRITC were simultaneously excited by the 514-nm line of an argon ion laser. A double-dichroic mirror was used as an excitation beam splitter, and a 565-nm shortpass filter divided green and red fluorescence between the two photomultipliers. A 520-nm bandpass emission filter was used for FITC and a 570-nm longpass filter for TRITC. Image size of dual sections was 512 x 512 pixels; x,y calibration was 0.2 ,um/pixel. For confocal quantification of HSPG distribution on the cell surface, we used the Imagespace software (version 3.1, Molecular Dynamics, Sunnyvale, CA). The distances were measured by drawing a line between consecutive clusters visualized over welldefined actin filaments (on a binary combined x,y image). The same procedure was used to measure distances on x,z sections. Statistical analysis (Biomedical Data Package Statistical software, California University Press, Los Angeles, CA) of the data in Figure 10 showed that the data followed a normal distribution.
Electron Microscopy
After Triton X-100 extraction, cells grown over electron microscopy grids were fixed for 30 min in 3% paraformaldehyde/2% sucrose in 100 mM PB and washed three times in 10 mM PBS. They were then blocked for 10 min in PBS/20 mM glycine containing 0.5% BSA. Chicken anti-LPL (poly 66) was used as primary antibody to detect LPL. The grids were incubated for 60 min at room temperature with the primary antibody (20 ,ug/ml) in PBS/20 mM glycine containing 0.5% BSA, followed by rinsing in PBS/20 mM glycine and incubation with a rabbit anti-chicken IgG (Nordic Immunological Laboratories, Tilburg, The Netherlands). The cells were washed again in PBS/20 mM glycine and incubated for 45 min at room temperature in protein A-gold (15 nm) (purchased from Dr. J. Slot, University of Utrecht, The Netherlands). Antibody 10E4 was used either as a ligand or as primary antibody to detect HS, as indicated in RE-SULTS. When used as a ligand, cells were incubated with the antibody and then treated with Triton X-100, fixed as previously indicated, incubated with rabbit anti-mouse (Nordic), washed, and incubated for 45 min at room temperature with protein A-gold (15 nm). When used to detect HSPGs on cells incubated with LPL after Triton X-100 extraction and paraformaldehyde fixation, grids were incubated for 60 min at room temperature with the 10E4 antibody in PBS/20 mM glycine containing 0.5% BSA, followed by rinsing in PBS and incubation with a rabbit anti-mouse antibody and protein A-gold (15 nm). In some experiments LPL or HS and actin were detected simultaneously. To this end, we double-labeled the cells with the primary and secondary (rabbit anti-chicken or rabbit antimouse IgM) antibodies to LPL and to HS used for single-labeling experiments and a monoclonal mouse IgG anti-actin (Boehringer Mannheim). For gold markers we used 15-nm gold-conjugated goat anti-rabbit (British Biocell, Cardiff, UK) to detect either LPL or HS and 10-nm gold-conjugated goat anti-mouse IgG (British Biocell). After immunolabeling, the grids were washed four times in PBS and fixed at room temperature for 60 min with 2% glutaraldehyde in 100 mM PB. They were then washed several times in 100 mM PB and post-fixed for 45 min with 1% osmium tetroxide. Grids were then dehydrated by passing through different solutions with increasing concentrations of ethanol, dried by the CO2 critical point method, and covered by evaporation with a thin carbon layer. The cells were viewed either on a Philips EM301 or on a Hitachi H600AB electron microscope. Results are representative of more than five separate experiments.
Surface replicas were obtained from cells grown on glass coverslips that were incubated either with LPL or 10E4 antibody, fixed with 3% paraformaldehyde (but not treated with Triton-X 100), and incubated with secondary and gold markers as described above, post-fixed with glutaraldehyde, and processed as previously described. After drying by the critical point method, a carbon/platinum surface replica was produced in a Polaron E-7900 replica station, followed by the solubilization of the coverslips with hydrofluoric acid (3 h, room temperature) and extraction of the organic material with 8% hypochloric sodium solution. The samples were washed in water, dried, and viewed on a Philips EM301 or a Hitachi H600AB electron microscope. Results are representative of three separate experiments.
RESULTS
Ligand-induced Organization of HSPGs As previously described (Fernandez-Borja et al., 1995) , we observed that human fibroblasts when incubated for 30 min at 4°C with bovine LPL (bLPL) had a striking cell surface distribution of LPL binding sites. The cells presented a fine punctate staining pattern consisting of small fluorescent clusters ( Figure 1A ) organized in parallel linear arrays that crossed the fibroblast cell surface longitudinally and codistributed with underlying actin filaments, as visualized by fluorescent phalloidin staining (Figure 1, A and B) . In cells that were not incubated with LPL, the detection of cell surface HSPGs by the use of a monoclonal antibody (10E4) that recognizes an HS-related epitope (David et al., 1992b) showed that HSPGs did not codistribute with actin filaments (Figure 1, C and D) . However, cells incubated with LPL under the same conditions as in Figure 1A , fixed and stained with the 10E4 antibody, presented an HSPG surface distribution ( Figure 1E ) identical to the pattern described for LPL binding sites ( Figure 1A) , which also codistributed with actin filaments (Figure 1, E and F) . We did not detect any difference in actin cytoskeleton with or without surface-bound LPL (Figure 1, B, D, and F) . These results suggest that HSPGs aggregated in response to ligand binding and then codistributed with actin cytoskeleton.
To confirm that cell surface binding sites for LPL corresponded to HSPGs, we performed several experiments. In cells incubated with LPL, as above, double immunostaining for LPL and HSPGs showed codistribution on the cell surface (Figure 2, A and B) . The simultaneous incubation of LPL and heparin (a wellknown inhibitor of LPL binding to HSPGs) strongly reduced the LPL labeling on the cell surface ( Figure   2C ). Previously we had reported (Fernandez-Borja et al., 1995) that heparinase treatment greatly reduces cell surface binding of FGF-2 and LPL. Here, because it is well described that HSPGs are known to act as lowaffinity receptors for FGF-2 and that FGF-2 binding sites had a similar surface distribution to that described for LPL (Fernaindez-Borja et al., 1995;  Figure   2E ), we performed another binding competition experiment with LPL and a 10-molar excess of FGF-2. The LPL labeling was again reduced (Figure 2G ), confirming the role of the membrane HSPGs as surface LPL binding sites. There was no apparent change in the actin cytoskeleton for cells with surface-bound FGF (Figure 2 , F and H) or treated with heparin (Figure 2D) .
Confocal studies of cells with surface-bound LPL firmly settled the high degree of codistribution of LPL binding sites and actin cytoskeleton (Figure 3 ). Green and red pixel intensity distribution of cells incubated with bLPL as above and double-stained with anti-LPL FITC secondary antibodies ( Figure 3A ) and TRITCphalloidin ( Figure 3B ) was represented in a cytofluorogram ( Figure 3D ) by the use of multicolor analysis confocal software (Demandolox and Davoust, 1995) . This histogram showed that most of the green fluorescence codistributed with red fluorescence (white pixels), whereas a higher proportion of red pixels was not codistributed. The selected area in Figure 3D (in white) was used to show the colocalization sites between LPL and actin ( Figure 3C ) in a binary combined image in which the single-labeled regions were hidden to show the colocalization sites between LPL and actin ( Figure 3C ). This indicates that after LPL binding most of the HSPGs associate with cortical actin cytoskeleton.
Membrane HSPGs Bound to LPL Are Insoluble in Triton X-100 Triton X-100 insolubility was used to study the association between membrane proteins or actin-binding proteins and the actin cytoskeleton. This detergent disrupts hydrophobic interactions, allowing such structures as cytoskeletal proteins and tightly associated proteins to remain insoluble. To determine whether cell surface HSPGs with bound LPL were insoluble in Triton X-100, we incubated fibroblast cells with LPL and treated them with Triton X-100. Double-fluorescence staining was performed with LPL antibodies and TRITC-phalloidin. Figure  4 , A and B, shows that LPL remained anchored all over the actin microfilaments after Triton X-100 treatment. Parallel experiments performed by staining HS proteoglycans after LPL binding or incubating the cells with anti-HS confirmed that LPL binding sites remained insoluble after Triton X-100 extraction. To study the distribution of these bind- Figure 1 . Distribution of cell surface-bound LPL and membrane HSPGs on human skin fibroblasts: colocalization with actin cytoskeleton. LPL (2.5 ,ug/ml) was added to human skin fibroblasts grown on coverslips, and binding was allowed for 30 min at 4°C (A, B, E, and F). Other coverslips (C and D) were incubated for 30 min at 4°C without LPL. Cells were fixed, and LPL was detected with monoclonal antibodies, followed by FITC-conjugated goat anti-mouse IgG (A). HSPGs were detected with 10E4 antibody, followed by an FITC-conjugated anti-mouse IgM (C and E). Actin filaments were detected with TRITC-conjugated phalloidin (B, D, and F). Note the characteristic punctate distribution in parallel linear arrays on the cell surface that both LPL (A) and HSPGs show on cells with surface-bound LPL (E). These parallel linear arrays show colocalization with actin cytoskeleton (A, B, E, and F). In cells without surface-bound LPL, the HSPGs were randomly distributed (C) and did not show colocalization with actin cytoskeleton (C and D). The HSPGs of the extracellular matrix on the cell surface were also strongly stained but showed a filamentous type staining and not the characteristic punctate staining (C and E). a variable number of gold particles (10-15 gold particles/cluster on average), and the fibers presented an average diameter of 20 nm. In cells incubated with LPL and treated in the same way, LPL clusters resistant to Triton X-100 extraction were also anchored to fibers with a similar average diameter. To provide additional support to the conclusion that after Triton X-100 treatment both LPL and HS remained above the actin cytoskeleton, we performed double-immunogold localization studies with anti-actin and anti-LPL or anti-HS ( Figure 4E ). The results indicate that the fibers to which LPL or HS clusters remained attached after treatment with Triton X-100 corresponded to actin filaments.
To determine whether this insolubility of membrane HSPGs in Triton X-100 was due to their association with LPL, we incubated fibroblasts with and without LPL at 4°C; after Triton X-100 extraction and fixation, we attempted to detect any HS remaining with the anti-HS. Cells with surface-bound LPL presented a large number of immunogold particles (as detected with anti-HS) anchored to the actin cytoskeleton (Figure 5A) . In contrast, cells without LPL incubation had fewer immunogold particles ( Figure 5B) . Thus, mem- brane HSPGs complexed with LPL seemed to be more resistant to Triton X-100 extraction than membrane HSPGs without bound LPL, which suggests that the association between membrane HSPGs and actin cytoskeleton was stimulated by the surface binding of LPL.
To identify the human fibroblast membrane proteins that bind LPL and their insolubility in Triton X-100, we radiolabeled the cell membranes with 1251, incubated them with biotin-LPL, and cross-linked them with the bifunctional reagent SASD. Samples were extracted with 1% Triton X-100 and insoluble material with an actin depolymerization buffer (Pardee and Spudich, 1982) . After the plasma membrane was dissolved, biotin-LPL with cross-linked binding protein was isolated with an avidin-agarose column. After cleavage of the cross-linker and treatment with heparinase (I and III) and chondroitinase, samples were subjected to gel electrophoresis and autoradiography. When the samples were not treated with heparinase and chondroitinase, crosslinked proteins ran as high-molecular-mass smear (our unpublished observations). After enzyme treatment three major core proteins with appropriate Molecular Biology of the Cell cross-linked protein was recovered in the Triton X-100 soluble fraction, as shown in Figure 6 , lane acted with actin filaments, and were distributed periodically along actin fibers. However, one disadvantage of using Triton X-100 in the study of any protein anchored to the cytoskeleton is that this anchor can be more or less labile, if the protein is partly soluble. Moreover, because several cell components are solubilized during this treatment, the structure of the remaining cells can be altered. To obtain a high-resolution image of the plasma membrane organization of the HSPGs with surface-bound LPL and to provide an additional control of our electron microscopy results after Triton X-100 extraction, we made a platinum/ carbon replica of the cell surface of the fibroblasts Figure 7 (on facing page). Cell surface distribution of membrane HSPGs: platinum/carbon surface replicas. Cells grown on coverslips were incubated with LPL as in Figure 4 , and HSPGs (A and C) or LPL (B) were detected, as indicated in MATERIALS AND METH-ODS, by immunogold (15 nm). Samples were post-fixed, dehydrated, and dried. Platinum/carbon replicas were made in a Polaron replica station, followed by the solubilization of the coverslips and extraction of the organic material. Note than both HS (A and B) and LPL (C) were present as large aggregates (arrows) Simultaneous confocal imaging of vertical sections along individual actin filaments showed that LPL immunofluorescence was distributed as spots along actin filaments (yellow points in Figure  7B ). Bar, 10 ,im.
incubated either with LPL or with anti-HS not treated with Triton X-100. The surface replica showed a detailed image on which membrane aggregates of HSPGs were distributed in a highly organized manner along thick (-200 nm) and thin (-50 nm) cytoplasmic fibers, which probably corresponded to cortical actin filaments ( Figure 7A ). However, because it is not possible to perform double-labeling experiments by this technique to detect HSPGs and actin simultaneously,
we cannot substantiate that all HSPGs were associated to the actin filaments. By this approach it was also evident that the spacing between the centers of the clusters along a fiber was quite regular (-2 gm).
Figures 8 and 9 show the results obtained by confocal microscopy in cells incubated with LPL and with anti-HS, respectively. To study the periodic distribution of LPL binding sites, we incubated fibroblasts with LPL at 4°C, as described above, and fixed them. Double fluorescence was used to reveal the distribution of LPL and actin filaments simultaneously. Horizontal (x,y; Figure 8A ) and vertical (x,z; Figure 8B ) confocal sections were obtained and analyzed. Simultaneous confocal imaging of vertical sections along individual actin filaments showed that LPL immunofluorescence was distributed as spots along the actin filaments (yellow points in Figure 8B ).
To study the distribution of HSPGs along the actin cytoskeleton, we performed two types of experiment. In one, cells were incubated with anti-HS at 4°C and then fixed and immunostained with FITC-conjugated secondary antibodies and TRITC-phalloidin (Figure 9 , A, C, and E). In the other, fibroblasts were fixed, and then double-fluorescence staining was performed with anti-HS, FITC-conjugated secondary antibodies, and TRITC-phalloidin (Figure 9 , B, D, and F). When the cells were incubated with anti-HS at 4°C, colocalization between HSPGs and actin filaments was high (colocalization pixels in Figure 9A , in white, and 9C, in yellow). When only colocalization spots were represented ( Figure 9C Figure 7 . Colocalization is shown in white (A, B, E, and F) or in yellow pixels (C and D) by using the selected area on a cytofluorogram. white, and 9C, in yellow). These results add further support to the hypothesis that the interaction between HSPGs and actin filaments was induced by ligand binding. In addition, the pattern and distribution of HS immunostaining obtained in vertical sections was also different. In cells incubated with anti-HS, the fluorescent spots were separated by regular distances (Figure 9E ), similar to those previously obtained in LPL-incubated cells ( Figure 8B ). In fixed cells the fluorescent spots were more irregularly distributed (Figure 9 , B, D, and F) when compared with nonfixed cells (Figure 9 , A, C, and E).
The distance between membrane HSPG clusters over actin filaments was quantified on different confocal images (x,y and x,z sections) obtained from the experiments reported above. In cells with binding of LPL or anti-HS, clusters were uniformly spaced. The mean distance between LPL fluorescent spots was 2.4 ,tm (± 0.70, n = 283; Figure 10A ), which was very close to that found in cells incubated with anti-HS ( Figure 10B ) (x = 2.2 ,um ± 0.6; n = 345). In contrast, the average distance between HSPGs from fixed cells was more variable ( Figure 10C ) (x = 3.9 ,tm ± 2.3; n = 189). In x,z sections the values obtained were similar to those obtained in x,y sections: in cells incubated with anti-HS the mean distance obtained was 2.6 ,um (+ 0.7; n = 268), and in fixed and immunostained cells with anti-HS the mean was 5.51 ,um (+ 3.9; n = 129).
Because the average distance values were much more uniform in cells that had been incubated with anti-HS or LPL than in fixed immunostained cells, the results suggest that ligand binding could induce a periodic arrangement of HSPGs along the actin cytoskeleton.
DISCUSSION
The cortical actin cytoskeleton has a crucial role in plasma membrane molecular organization interacting with transmembrane components either directly or through actin-binding proteins. Increasing evidence suggests that these interactions are important not only for the maintenance of cell architecture but also for signal transduction and regulation of cell growth (Luna and Hitt, 1992) . It has become clear that the distribution and assembly of membrane proteins in the plasma membrane are, in part, regulated through the membrane-associated cytoskeleton (Hitt and Luna, 1994) . Recently we have shown that two wellknown heparin-binding molecules bind to cell surface HSPGs, which in turn are organized by the actin cytoskeleton (Fernaindez-Borja et al., 1995) . In the present study we have extended our previous observations and presented evidence that the interaction of HSPGs with the underlying actin cytoskeleton is indeed induced by ligand binding, probably through an aggregation mechanism, and follows a well-ordered periodic distribution along actin filaments.
Several lines of evidence allowed us to conclude that the association of HSPGs with actin filaments was induced by ligand binding. 1) In the absence of the ligand, HSPGs were irregularly distributed over the fibroblast surface without any codistribution with actin cytoskeleton. 2) In the presence of ligand, most of the HSPGs codistributed with the actin cytoskeleton and were resistant to Triton X-100 extraction. 3) Crosslinking antibodies against an HS-related epitope also induced the association with the actin cytoskeleton. This aggregation and also the actin codistribution of the HSPGs took place rapidly at 4°C: it could be detected even after 5 min of incubation with ligands. It is very likely that the nature of the cell surface HSPGs detected in our study was not unique, because LPL and FGF-2 bind to several HS proteoglycans (Misra et al., 1994; Rapraeger et al., 1994) . In the present study we found that LPL can be cross-linked to at least three different proteoglycans with molecular masses of 125, 88, and 64 kDA, which could represent syndecan-3, syndecan-l, and glypican, respectively (Lories et al., 1989; Carey et al., 1992) . This result suggests that, in fibroblasts, LPL might bind to a subset of proteoglycans.
Provided that the 64-kDa protein is glypican (a lipid-anchored proteoglycan), our finding that the 64-kDa protein was resistant to extraction with Triton X-100 was to be expected. It is well known that glycosyl phosphatidylinositol-anchored proteins are not extracted by nonionic detergents (Hooper and Turner, 1988; Glenney and Zokas, 1989; and others) , possibly because of their association to insoluble membrane lipids. On the other hand, recent evidence (Mayor et al., 1994; Mayor and Maxfield, 1995) indicates that GPI proteins are clustered to caveolae after antibody crosslinking or detergent treatment. In turn, caveolae are associated to the actin cytoskeleton (Lisanti et al., 1994) . These observations could also account for the appearance of LPL-bound glypican in the insoluble fraction.
Previous reports have described colocalization of syndecan-1 and actin cytoskeleton in epithelial or spreading cells (Rapraeger et al., 1986; Bernfield et al., 1992; Leppa et al., 1992; Carey et al., 1994a) . Recently, Carey et al. (1994b) have demonstrated that antibodies against core protein of syndecan-1 (a CS/HS member of the cell surface PG family), expressed in Schwann cells, induce association with the underlying actin cytoskeleton. Here, by using an antibody against the glycosaminoglycan chain (HS), we have obtained similar results for fibroblast HSPGs and also have observed that ligands of HS induce the same effect. It was also suggested by Carey et al. (1994b) (Miettinen and Jalkanen, 1994) . They reported a partial insolubility of wild-type and tail-less syndecan, which was not affected by increasing temperature or by cytochalasin D treatment, concluding that this was not dependent on cytoskeletal association. In view of the present results, this partial insolubility could be due to the absence of ligand. However, it cannot be ruled out that PGs present a different plasma membrane organization, depending on the cell type and their actin cytoskeleton organization. Induced oligomerization of integral membrane proteins and receptors is a common occurrence in the plasma membrane (Wells, 1994) , and in many cases it is involved in signal transduction, such as in ligandinduced oligomerization of growth factor receptors (Schlessinger and Ulrich, 1992) . Similarly, clustering of X1 integrins with fibronectin, adhesive peptides, or anti-integrin antibodies induces rapid receptor aggregation and accumulation of a variety of actin-binding proteins and triggers phosphorylation of pp120FAK (Miyamoto et al., 1995a,b) . To date, it has been understood that several members of the membrane PG family have a tendency to oligomerize to dimers or tetramers. This has been reported for syndecan-2 (Marynen et al., 1989) , syndecan-3 (N-syndecan; Asundi and Carey, 1995) , and CD44 (Geppert and Lipsky, 1991) . Interestingly, the core motif in syndecan-3 that confers self-association (the last four amino acids of the extracellular domain plus the transmembrane domain) are conserved among the known mammalian members of the syndecan family (Asundi et al., 1995) . The example of CD44 is particularly illustrative, because it has been shown that the interaction of CD44 with actin cytoskeleton is enhanced by clustering (Geppert and Lipsky, 1991) and that the CD44-actin interaction is mediated by the binding to members of the ERM (erzin, radixin, merlin, and moesin) family to the cytoplasmic tail of CD44 molecules (Tsukita et al., 1994) . This family of actin-binding proteins is localized just beneath the plasma membrane, and it seems to be involved in the molecular mechanisms of actin filament-plasma membrane interactions (Sato et al., 1992; Tsukita et al., 1992) . From our results, it is tempting to speculate that the effects of the glycosaminoglycan chain mediated by ligand binding could induce core protein self-association, which in turn facilitates PG association to the underlying actin cytoskeleton. The functional role of the cytoskeletal interaction of cell surface HSPGs remains unclear. However, we are learning from other cell matrix and cell-cell transmembrane receptor molecules like integrins (Miyamoto et al., 1995a,b; Yamada and Miyamoto, 1995) and cadherins (Gumbiner, 1995; Shibamoto et al., 1995) that aggregation and interaction with the actin cytoskeleton could initiate signal transduction cascades. In support of this, FGF-2 induces actin filament reorganization (Fernaindez-Borja et al., 1995) , and antibodymediated aggregation of syndecan-1 results in the redistribution of the actin filaments (Carey et al., 1994b) .
One major observation in the present study was the regular alignment of ligand-induced aggregated HSPGs along actin filaments. Large aggregates were found on 200-nm-thick fibers (which could represent stress fibers) and were aligned at variable intervals of -2-2.5 ,um (as measured by confocal microscopy and in surface replicas). However, irrespective of the distance, the results indicate that the interaction of HSPGs along the actin fibers occurs at discrete sites on the microfilament bundles. This suggests periodic microdomains in the cortical actin cytoskeleton that could be responsible for the HSPG interaction. Several cytoplasmic actin-binding molecules showed a periodic distribution along stress fibers. Tropomiosin and caldesmon (Yamashiro-Matsumura and Matsumura, 1988; Tanaka et al., 1993) , a-actinin (Jackson et al., 1989) , myosin I, and myosin II (Conrad et al., 1993; Tanaka et al., 1993) , among others, have been reported to be distributed periodically along actin filaments in nonmuscle cells. Thus, the alignment of ligand-induced HSPGs along actin filaments may reflect the interaction with actin-binding proteins. Considering all these results together, it is possible that such periodic arrangement may regulate cytoplasmic activities and/or plasma membrane interactions between heparin-binding proteins and other plasma membrane receptors.
